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A prerequisite for universal quantum computation and other large-scale quantum information
processors is the careful preparation of quantum states in massive numbers or of massive dimension.
For continuous variable approaches to quantum information processing (QIP), squeezed states are
the natural quantum resources, but most demonstrations have been based on a limited number of
squeezed states due to the experimental complexity in up-scaling. The number of physical resources
can however be significantly reduced by employing the technique of temporal multiplexing. Here,
we demonstrate an application to continuous variable QIP of temporal multiplexing in fiber: Using
just a single source of squeezed states in combination with active optical switching and a 200 m
fiber delay line, we generate fiber-coupled Einstein-Podolsky-Rosen entangled quantum states. Our
demonstration is a critical enabler for the construction of an in-fiber, all-purpose quantum informa-
tion processor based on a single or few squeezed state quantum resources.
INTRODUCTION
The realization of quantum computation (QC) with
demonstrated quantum supremacy requires a scalable
platform of quantum resources [1, 2]: Usually hundreds of
logical qubits, or thousands of physical qubits, are needed
to reach this longstanding goal [3]. In one-way measure-
ment based quantum computation (MBQC) [4, 5], uni-
versal computation is performed with only single-qubit
projective measurements of an entangled cluster state
[6]. Thereby, scalability is relaxed to the generation
of a cluster state of suitable size [7]. Cluster states of
multiple modes of light are readily accessible in continu-
ous variable optical platforms, but most demonstrations
have been limited by the amount of spatial resources [8–
12]. However, by time and frequency multiplexing with
squeezed states of light, large cluster states can be deter-
ministically generated as demonstrated with 60 frequency
modes in [13, 14] and 106 temporal modes in [15, 16].
This allows for excellent scalability, thereby rendering the
need for spatially distributed resources unnecessary.
MBQC based on temporally encoded cluster states
[17, 18] from a single squeezed state resource [19] re-
quires optical switching and passive optical storage (such
as an optical delay line) in different configurations as il-
lustrated in Fig. 1. Multiple time-synchronized squeezed
states can be generated in the network illustrated in
Fig. 1a, allowing 2D cluster state generation from a
single squeezing source [17, 18]. Moreover, in MBQC,
sequential measurements are performed on the cluster in
which each measurement strategy is adaptively changed
based on previous measurement outcomes. In some
cases, switching between completely different measure-
ment schemes, e.g. homodyne detection and a non-
Gaussian measurement, is required [18] (Fig. 1b). As
an alternative to switching between Gaussian and non-
Gaussian measurement schemes, one might fix the mea-
surement setting to Gaussian homodyne detection and
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FIG. 1. Quantum information processing architectures us-
ing optical switching and optical delay. (a) Switching and
delay lines applied to a single squeezed state resource in or-
der to generate multiple time-synchronized squeezed state.
(b) Switching between homodyne detection and the more
demanding cubic-phase gate-teleportation measurement with
|χ〉 being an ancillary cubic-phase-state [18]. (c) Example
of switching temporal modes into or out of a cluster state
[20]. (d) Loop-based architecture for fully temporally encoded
MBQC utilizing switching and delay [22].
switch ancillary non-Gaussian states into selected modes
of the cluster state [20] (Fig. 1c). Finally, it is possible
to realize MBQC by applying optical switching in loop-
based architectures [21, 22] as illustrated in Fig. 1d. No
matter which of the strategies is chosen, switching and
delay lines are key functionalities in managing temporal
modes in optical MBQC.
In this article, we demonstrate optical fiber switching
combined with an optical fiber delay in a continuous vari-
able (CV) quantum setting in the telecom band. This en-
ables us to generate an Einstein-Podolsky-Rosen (EPR)
state [23] between two fiber modes by time multiplex-
ing of a single source of squeezed states of light. Our
demonstration of optical switching and optical delay in
a CV, fiber-integrated and low-loss setting is a critical
step towards the realization of a scalable platform for
CV quantum information processing and ultimately uni-
versal quantum computation.
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FIG. 2. Schematics of the experiment. Bright amplitude
squeezed states of light are generated using type-0 parametric
down conversion in an optical resonator (OPO) at the wave-
length of 1550 nm, seeded with a coherent beam for phase
locks. The squeezed states of light are coupled into a single
mode fiber network (marked by blue lines) in which the gener-
ation of two-mode squeezing takes place: Using a fiber switch,
two consecutive temporal modes (marked by green and pur-
ple) are guided in different directions. Subsequently, the two
modes are synchronized by a fiber delay of 200 m in one of
the modes. Finally, the two spatial modes interfere in a 50:50
fiber coupler, thereby forming a two-mode squeezed state in
the output as the phase difference of the two input modes are
locked to pi/2 (using active feedback to a fiber-stretching de-
vice described in Methods). The quadratures of the two-mode
squeezed state are measured with two fiber-based homodyne
detection stations, Alice and Bob. A typical measurement
output in time-domain is shown in the inset together with
illustrations of the corresponding states in phase space, alter-
nating between two-mode squeezed states and vacuum states.
RESULTS
The quadrature entangled EPR-state is an important
resource in numerous quantum information and sens-
ing protocols ranging from CV teleportation [24] and
cryptography [25] to CV computing [26]. The most
wide-spread realization of quadrature entanglement is
based on cavity-enhanced spontaneous parametric down-
conversion in an optical parametric oscillator (OPO).
Correlations can be established between different polar-
ization or frequency modes from a single non-degenerate
OPO [27–34], or by combining the squeezed state outputs
of two degenerate OPOs onto a balanced beam splitter
[24, 35–37]. Here we use the latter approach of combin-
ing two squeezed states on a beam splitter, but instead of
using two OPOs, we exploit time multiplexing of a single
source.
Experimental setup
The experimental setup is sketched in Fig. 2. We inject
a single ∼7 dB squeezed beam into a fiber switch that
alternately guides the squeezed beam into two different
fibers at a frequency of 500 kHz; thereby delaying one
mode by 1 µs with respect to the other. To compensate
for the delay and thus synchronize the two modes in time,
the mode ahead propagates through a 200 m fiber spool.
The two modes interfere with a relative phase shift of pi/2
in a balanced fiber coupler, thereby forming a two-mode
squeezed state.
For state characterization, we sample on an oscillo-
scope the quadratures of the fiber coupler outputs mea-
sured by two homodyne detection stations, Alice and
Bob. Typical time traces of such measurements are
shown in the inset of Fig. 2. A single data set consists of
16 000 time traces triggered by the switching signal. Each
time trace is affected by a frequency dependent response
of the detector giving rise to the negative slope seen in
the inset of Fig. 2, and a noisy oscillatory response of
the fiber switch. Besides this, there is a variation in the
slope of each time trace due to spurious interferences –
both effects occur from the coherent amplitude of the
initial bright squeezed state together with limited detec-
tion, switching and feedback bandwidths. However, since
these effects are systematic, repeatable and synchronized
with the switching process, they can be tracked and com-
pensated in the data processing – see Methods.
We have striven to reduce the loss of all components to
maintain as much of the non-classicality as possible. We
used an anti-reflection coated graded-index lens to cou-
ple the squeezed light into the fiber with an efficiency of
97% (by matching counter-propagating light in the OPO
cavity), we spliced together all fiber components to mini-
mize fiber-to-fiber coupling losses and by using the wave-
length of 1550 nm, fiber propagation loss was negligible:
Even through the 200 m fiber delay (standard SMF-28e+
fiber), the propagation loss is ≤ 1%. The largest loss con-
tribution is caused by the fiber switch (Nanona by Boston
Applied Technologies Inc.), where light is coupled into a
bulk electro-optic material and back into fiber leading
to 17% loss. Including OPO escape efficiency, detection
efficiency and various tapping for phase locks, the to-
tal transmission from the squeezed state source to the
detected signal becomes η ≈ 68% (for more details see
Methods).
Experimental results
To perform partial tomography of the generated two-
mode squeezed states, we measure the quadratures
qA(θ)± qB(−θ) and qA(θ)± qB(θ− pi/2) as a function of
the local oscillator phase θ. Here qi(θ) = xi cos θ+pi sin θ
where xi is the amplitude and pi the phase quadrature
at Alice (i = A) and Bob (i = B). The resulting noise
variances at the 3 and 10 MHz side band frequencies are
shown in Fig. 3 together with theoretical predictions. We
observe a maximum shot noise suppression of 3.8 dB. The
very small discrepancy of the measurements at 3 MHz re-
sults from technical noise of the seed beam as well as ad-
ditional noise added in the delay line – both noise effects
are discussed and analyzed below and in supplementary
information section 3.
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FIG. 3. Partial tomography of the generated two-mode
squeezed state. We plot the noise variance (normalized to the
shot noise variances) of the quadratures qA(θA)±qB(θB) with
θA restricted to θA = θ and θB restricted to θB = −θ (blue
and red), and θB = θ − pi/2 (green and black). Each point
corresponds to one dataset of 16 000 processed time traces as
in Fig. 5. To extract the 3 and 10 MHz frequency modes, each
time trace is digitally mixed with a 3 or 10 MHz sine curve
and integrated to one value. The noise is then the variance
of these 16 000 values, added/subtracted for Alice and Bob.
With the time trace length of about 900 ns, the frequency
mode bandwidth is around 1 MHz. The solid and dashed line
shows theoretical noise predicted from measured efficiency,
OPO bandwidth, pump power and fitted phase fluctuations
in Fig. 4. The predictions include 1.7◦ phase offset. The
inset illustrates the measured quadratures in a phase-space
diagram.
The variances of qA(θ)± qB(−θ),
〈∆(qA (θ) + qB(−θ))2〉
= 2
(〈∆x21〉 cos2 θ + 〈∆x22〉 sin2 θ) ,
〈∆(qA (θ)− qB(−θ))2〉
= 2
(〈∆p22〉 cos2 θ + 〈∆p21〉 sin2 θ) ,
(1)
associated with the maximally squeezed and anti-
squeezed quadratures, respectively, are seen to be con-
stant with θ, indicating symmetric two-mode squeez-
ing. This is expected as the individual single mode
squeezed states in the direct (x1, p1) and delay (x2, p2)
line originate from the same squeezing source, that is
〈∆x21〉 = 〈∆x22〉 and 〈∆p21〉 = 〈∆p22〉. From the data sets
at θ = 0◦ and 90◦, entanglement can be verified by the
inseparability criterion [38] which reads
〈∆(xA + xB)2〉+ 〈∆(pA − pB)2〉 = 1.72V0 < 4V0 , (2)
at 3 MHz, and 2.42V0 < 4V0 at 10 MHz. Here V0 is the
variance of the vacuum state.
When measuring the variances of
qA(θ)± qB(θ − pi/2) = xA cos θ ± xB sin θ
+ pA sin θ ∓ pB cos θ
(3)
as a function of θ, we trace out one specific projection
that in particular realizes the squeezed and anti-squeezed
quadratures. Maximum squeezing and anti-squeezing are
measured at θ = 45◦ where correlations are strongest,
corresponding to the measurements of qA(θ) ± qB(−θ).
At θ = 0◦ and 90◦ we expect no correlations and mea-
sure the variances (〈∆x21〉 + 〈∆p21〉 + 〈∆x22〉 + 〈∆p22〉)/2
corresponding to the added noise of thermal states at
Alice and Bob when tracing out one mode.
From the partial tomography, we reconstruct the co-
variance matrix of the two-mode squeezed state at the
3 MHz side band frequency [39]:
γ = V0

4.36 - −3.84 0.36
- 4.43 0.45 3.92
−3.84 0.45 4.17 -
0.36 3.92 - 4.26
 . (4)
Here, the entries with ’-’ were not measured as it would
require a more elaborate measurement scheme, but they
should in principle be zero due to the symmetry of the
states. However, due to uncertainties in the phase con-
trol and non-perfect phase-space alignments, the values
will in practice be slightly different from zero. This is
also clear from the off-diagonal correlation terms 〈xApB〉
and 〈xBpA〉 which in practice are non-zero as seen in
the measured co-variance matrix but in theory should
be zero for a perfectly aligned system (see supplemen-
tary information section 4). Finally, from the covariance
matrix we determine the conditional variances between
Alice and Bob’s measurements from which we test the
EPR-criterion [40]:
∆2inf.xA|B ·∆2inf.pA|B = 0.69V 20 < V 20 ,
∆2inf.xB|A ·∆2inf.pB|A = 0.64V 20 < V 20 ,
(5)
where ∆2inf.qi|j = ming 〈∆(qi − gqj)2〉 = 〈∆q2i 〉 −
〈qiqj〉2 / 〈∆q2j 〉 is the conditional uncertainty in predict-
ing qi when measuring qj . Since both conditional vari-
ance products are below V 20 , the generated states are
EPR entangled in both directions.
As seen from Eq. (1) for θ = 0◦ and 90◦, the measured
two-mode squeezing is equivalent to the squeezing of the
single mode states in the direct and delayed paths, re-
spectively. The spectra of such measurements are shown
in Fig. 4. The squeezing spectra are Lorentzian and
resemble that of the OPO cavity. Furthermore, the anti-
squeezing is seen to be symmetric, while the squeezing
has degraded slightly in the delay line due to additional
phase noise. To characterize this, we measure the seed
spectrum by blocking the pump to the squeezing cav-
ity. The low frequency noise that can be observed in
the direct line results from technical noise of the seed
beam. Even more low frequency noise is apparent in the
squeezed state of the delay line. We believe it originates
from phase noise generated by the 200 m fiber and ampli-
tude noise from the fiber switch which is most prominent
at 5–6 MHz.
4x p
FIG. 4. Spectrum of squeezing. Noise spectrum of x1 =
(xA + xB)/
√
2, p1 = (pA + pB)/
√
2, x2 = (pA − pB)/
√
2 and
p2 = (xA − xB)/
√
2 relative to shot noise. Solid points corre-
spond to the average of Fourier transformed time traces in the
measured datasets qA(θ)± qB(−θ) for θ = 0◦ and 90◦. Here,
coloured points are with pumped OPO, while gray points are
the seed noise when blocking the pump. Hollow points are
the result of fitting a squeezing spectrum with phase fluctua-
tions σ1 and σ2 in the direct and delay line respectively. From
the fit, the solid lines indicates the expected squeezing when
compensating for seed noise, while the dashed lines indicates
the expected squeezing in case of no phase fluctuation, and
thus the best squeezing achievable with the given efficiency.
To infer the phase fluctuations, σi, associated with
the direct (i = 1) and delay (i = 2) line, the squeez-
ing spectra including a normal distributed phase with σi
standard deviation, approximated to 〈∆x2i 〉 cos2(θ+σi)+
〈∆p2i 〉 sin2(θ+σi) for θ = 0 and pi/2 [41], is fitted with σi
as the only fitting parameter. Here, following [42] with
additional seed noise coupled into the OPO and V0 = 1/2,
〈∆q2i 〉 =
1
2
∓ 2εγη
(γ ± ε)2 + ω2 +
Kq
(γ ± ε)2 + ω2 , (6)
where q = x, p, ε is the pump rate, γ is the total OPO
decay rate, η is the overall efficiency and ω is the an-
gular frequency, while Kq = 4γγsηi(〈∆q2s〉 − 1/2) with
γs being the decay rate due to the seed beam coupling
mirror and 〈∆q2s〉 is the seed beam quadrature noise be-
fore injection into the OPO (for detailed derivation see
supplementary information section 3.1). We find a decay
rate of γ/2pi = 8.1 MHz by measuring the OPO intracav-
ity losses (0.55%), the cavity length (320 mm) and the
transmissivity of the coupling mirror (10%), and we esti-
mate the pump rate to ε/2pi = 5.2 MHz for a pump power
of 350 mW and a measured OPO threshold power of
833 mW. Kq is estimated as Kq = (γ
2+ω2)(〈∆q20〉−1/2)
where 〈∆q20〉 is the quadrature noise measured with no
pump (ε = 0, gray points in direct line of Fig. 4). Fi-
nally, to include excess noise of the delay line, the seed
noise difference of the direct and delay line is added to
the fit in the delay line. The fit is shown as hollow points
in Fig. 4, and is seen to fit very well with the measured
data. The resulting phase fluctuations obtained from the
fit are σ1 = 1.9 ± 1.2◦ and σ2 = 4.1 ± 0.6◦ with uncer-
tainties estimated as the 95% confidence interval. These
values are included in the theoretical model used for Fig.
3.
From the theoretical model with fitted phase fluctu-
ations, the solid lines in Fig. 4 indicate the expected
squeezing spectra if the seed beam were shot noise limited
and no additional noise existed in the delay line. In that
case, we can expect more than 4 dB two-mode squeezing.
The phase fluctuation in the delay line, σ2 = 4.1±0.6◦, is
more than double that in the direct line, σ1 = 1.9± 1.2◦.
This is mainly due to limited phase control bandwidth of
the fiber delay and low signal-to-noise ratio of the feed-
back signal. Finally, the dotted line in Fig. 4 shows the
squeezing spectrum we would expect if we had perfect
phase control, and thus the optimum squeezing we may
measure with the given efficiency.
DISCUSSION
The fast switching frequency of 500 kHz demonstrated
here is suitable for encoding temporal modes of mega-
hertz bandwidth and is thus applicable in the optical
schemes in Fig. 1. Similarly, the low loss of the 200 m
fiber allows for an efficient delay of almost 1µs, com-
patible with the temporal modes defined by the switch-
ing. However, the 17% loss of the particular switch used
here, as well as the phase fluctuations of 4◦ standard
deviation in the fiber delay, leads to decoherence and re-
sults in some limitations when used in quantum settings:
For cluster state generation from a temporal multiplexed
source, as in Fig. 1a, or when switching modes in and
out of a cluster state, as in Fig. 1c, the switching loss
and phase fluctuation leads to limited entanglement even
when large amount of initial squeezing is available. Yet,
it does not accumulate through the cluster state as the
loss and phase fluctuation on each mode is local, and so
it does not limit the cluster state size. It will be more
detrimental in loop based architectures, as in Fig. 1d,
where a temporal mode passes through the same switch
and delay line multiple times, and so the switch efficiency
and delay phase fluctuations limit the number of passes
possible and thereby the computation depth.
High efficient fast switching is demonstrated in free-
space [43], while one can imagine more compact fiber cou-
pled switching based on Mach-Zehnder interferometry.
However, in either case care must be taken not to compro-
mise the high switching frequency, as this leads to longer
delay lines necessary and thereby larger phase fluctua-
tions. In work towards temporal encoded optical quan-
tum information processing, faster switching is preferable
as it minimizes the required delay lengths and increases
the computational speed. Thus the ideal switch, besides
being efficient, is as fast as the detection or squeezing
source bandwidth.
In conclusion, using a single squeezing source with op-
5tical switching and delay, we have successfully generated
in-fiber EPR-states with nearly 4 dB of two-mode squeez-
ing, characterized by fiber-coupled homodyne detection.
Our setup has great scalability potentials: Adding an ad-
ditional delay line, it is possible to extend the setup to
generate one-dimensional cluster states [15, 16], and by
adding a multi-port switch and more delay lines, two-
dimensional cluster states [17, 18] can be generated from
a single squeezing source. Moreover, by inserting the
switch inside a loop, as in Fig. 1d, combined with dy-
namical control, various entangled states can be gener-
ated and in principle universal quantum computation can
be realized. Since all switches and delay lines are fiber
components, the setup remains very small and flexible de-
spite the increasing complexity in generating more com-
plex states. Moreover, since fiber propagation losses are
extremely low at the operating wavelength of 1550 nm,
decoherence is not a big issue despite the increasing num-
ber of fiber delays. The largest decoherence source in the
current setup is the optical switch which introduces a loss
of 17%. However, with future developments of the optical
switch, we expect that the in-fiber temporal multiplexing
technique demonstrated here will play a significant role
in reducing the resources in future large-scale photonic
circuits for continuous variable quantum information pro-
cessing, including quantum computing [7], quantum tele-
portation [44], distributed sensing [45] and multi-partite
quantum key distribution.
METHODS
Squeezing source
The experimental setup is outlined in Fig. 2. As squeez-
ing source, we use an optical parametric oscillator (OPO)
based on a periodically poled potassium titanyl phos-
phate (PPKTP) crystal in a bowtie shaped cavity, locked
by a counter propagating coherent beam. A pump beam
at a wavelength of 775 nm is used to drive the parametric
process and thus produce squeezed light at 1550 nm via
type-0 phase matching. The OPO has a bandwidth of
γ/pi = 16 MHz. Stable phase locking at different stages
of the experiment is facilitated by an excitation of the
squeezed state, realized by injecting a bright seed beam
into the OPO. To lock the phase of the input pump beam
to the deamplification point of the parametric process,
thereby producing amplitude squeezed states, we tap off
and detect 1% of the excited squeezed beam for feedback
to a piezo-mounted mirror in the pump beam. This, as
well as all other feedback controls in the experiment, is
realized by the open-source software package PyRPL [46]
running on Red Pitaya boards that integrate an FPGA
system-on-chip with fast ADCs and DACs.
In-fiber phase control
For locking the pi/2 relative phase difference when in-
terfering the two beams of bright squeezed states in a
balanced fiber coupler for EPR-state generation, 1% is
tapped off one of the fiber coupler output arms, and fed
back to a homemade fiber stretcher in the delay line based
on [47]. Here, using a piezoelectric actuator, a phase
shift is induced by stretching the fiber. For more details,
see the supplementary information section 2. The optical
transmission efficiency is near unity, as it simply depends
on the fiber which has negligible loss at 1550 nm wave-
length. This allows high-efficient in-fiber phase control,
and the same design is used for phase control of the local
oscillators in the homodyne detection.
Fiber-coupled homodyne detection
To detect quadratures of the in-fiber generated EPR-
state, we developed a fiber-coupled homodyne detector
(HD) where signal and local oscillator (LO) is interfered
in a balanced fiber coupler before detection. For schemat-
ics and details, see supplementary information section 2.
This has the benefit of being mobile, and the visibility
between signal and LO is easily optimized to near unity
due to the single mode nature of the fiber used.
The fiber coupler is not exactly symmetric, but has a
coupling ratio of approximately 48:52. To compensate
for this, the HD is balanced by attenuation in the fiber
coupler output arm of stronger LO by inducing bending
losses. With an asymmetry of 4% in the fiber coupler,
after balancing this leads to 4% loss.
Finally, to couple and focus light from the fiber onto
the HD photo diodes of 100µm diameter (Laser Com-
ponents Nordic AB), anti-reflective coated graded-index
(GRIN) lens are used in front of the diode, leading to
a free-space waist diameter of 13 µm at 5 mm from the
GRIN lens facet. The quantum efficiency is measured to
be 97%, and so together with 4% loss from balancing and
99% visibility, the total HD efficiency achieved is 91%.
Overall efficiency
With the OPO escape efficiency of 95%, and 1% tap-
ping for gain lock, the efficiency in free-space before fiber
coupling is 94%. In fiber, including 97% fiber coupling
efficiency, 17% loss in the fiber switch and 1% tapping for
phase control, the efficiency is 80%. Finally, with 91%
detection efficiency, the overall efficiency becomes
η = 0.94 · 0.80 · 0.91 = 68% . (7)
Temporal data processing
To recover two-mode squeezing from the acquired time
traces affected by a frequency dependent detector re-
sponse (leading to a negative slope), spurious interference
(leading to slope variations) and an oscillating response
from the switch, we use the statistic of 16 000 time traces
in a dataset synchronized with the switching process. To
compensate for the negative and varying slope of each
time trace, linear regression lines (as the dashed lines in
the inset of Fig. 2) are subtracted from each individual
6FIG. 5. Temporal filtering by data processing. (left) Tempo-
ral histogram of a data set with 16 000 time traces associated
with amplitude quadratures of a two-mode squeezed state at
Alice (red) and Bob (blue) compensated for slope variations
and decaying detector response. The solid lines show the
dataset average time trace indicating the remaining repeat-
ing oscillations from the switching process. (right) Temporal
histogram of the dataset in (left) compensated for any sys-
tematic and repeatable noise responses from the switching
process. Here, the solid lines indicate a single pair of syn-
chronized time traces (at Alice and Bob) in which quadrature
anti-correlations are visible (note the inverted axis on Bob).
trace of the dataset. The result is shown in Fig. 5(left).
Here, the repeatable oscillating noise is visible, and com-
pensated for by subtracting the average time trace of the
dataset from every single time trace. The final processed
dataset is seen in Fig. 5(right) with a constant temporal
histogram and a single time trace at Alice and Bob show-
ing anti-correlations as in [48]. For detailed discussion on
the data processing, see supplementary information sec-
tion 2.1.
DATA AVAILABILITY
Experimental data and analysis code is available on re-
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1 Quadrature relations
To generate two-mode squeezed states from a single squeezer, two amplitude squeezed states from the
same squeezing source, but in different temporal modes, are guided into two different spatial modes,
synchronized in time by a delay in one spatial mode, and finally interfered on a symmetric beam splitter
with a pi/2 phase difference. The phase-space in the two spatial modes after the temporal modes of
squeezing are synchronized, after pi/2 rotation, and after interfering the two modes, are illustrated in
Figure 1a. In the following quadrature relations of the generated two-mode squeezed states are derived,
assuming the input states being squeezed vacuum, perfect phase control, and the beam splitter (or fiber
coupler) being symmetric.
After synchronization, the two spatial modes – the direct (x1, p1) and delay (x2, p2) line – are both
amplitude squeezed states, i.e.
〈∆x21〉 , 〈∆x22〉 < V0 , 〈∆p21〉 , 〈∆p22〉 > V0 ,
where V0 is the vacuum variance. After a pi/2 phase-space rotation in the delay line, the new quadratures
read
x′1 = x1 , p
′
1 = p1 ,
x′2 = −p2 , p′2 = x2 .
Finally, after a beam splitter transformation of the symmetric fiber coupler, we get
xA =
1√
2
(x′1 + x
′
2) =
1√
2
(x1 − p2) , pA = 1√
2
(p′1 + p
′
2) =
1√
2
(p1 + x2) ,
xB =
1√
2
(x′1 − x′2) =
1√
2
(x1 + p2) , pB =
1√
2
(p′1 − p′2) =
1√
2
(p1 − x2) .
(1)
Thus, when measuring the noise of xA+xB =
√
2x1 and pA−pB =
√
2x2, the squeezing of x1 and x2 are
visible, while when measuring the noise of xA− xB = −
√
2p2 and pA + pB =
√
2p1, the anti-squeezing of
p1 and p2 are visible. Or in other words: xA and xB are correlated while pA and pB are anti-correlated,
both below the standard quantum limit demonstrating quadrature entanglement.
The two modes of the two-mode squeezed state at the fiber coupler output are sent to two homodyne
detection stations, Alice and Bob, where an arbitrary quadrature, qi(θi), is measured depending on the
local oscillator phase θi at Alice (i = A) and Bob (i = B),
qA(θA) = xA cos θA + pA sin θA =
1√
2
(x1 − p2) cos θA + 1√
2
(p1 + x2) sin θA , (2)
π/2
Direct line
Delay line
Alice
Bob
(a)
(b)
Figure 1: (a) Quadrature transformations of the two-mode squeezed state generation, where simultaneous
amplitude squeezed states in the direct and delay line are interfered at a symmetric beam splitter (fiber
coupler) with a pi/2 phase difference in the delay line. (b) Quadrature covariance in eq. (4) with red and
blue indicating areas of correlation and anti-correlation respectively, and solid coloured lines indicates
maximum correlations. The two measured sets of quadratures for partial tomography are marked by the
black solid and dotted line for set 1 (θB = −θA) and set 2 (θB = θB − pi/2) respectively.
2
qB(θB) = xB cos θB + pB sin θB =
1√
2
(x1 + p2) cos θB +
1√
2
(p1 − x2) sin θB . (3)
The quadrature entanglement can then be illustrated as correlations, or covariance, between qA(θA) and
qB(θB):
cov {qA(θA), qB(θB)} = 〈qA(θA)qB(θB)〉 − 〈qA(θA)〉 〈qB(θB)〉 = 〈qA(θA)qB(θB)〉
=
1
2
〈
[(x1 − p2) cos θA + (p1 + x2) sin θA] [(x1 + p2) cos θB + (p1 − x2) sin θB ]
〉
=
1
2
(〈x21〉 − 〈p22〉) cos θA cos θB + 12 (〈P 21 〉 − 〈x22〉) sin θA sin θB
=
1
2
(〈∆x21〉 − 〈∆p22〉) cos θA cos θB − 12 (〈∆x22〉 − 〈∆p21〉) sin θA sin θB ,
where it is used that 〈qA(θA)〉 = 〈qB(θB)〉 = 0 for two-mode squeezed states, 〈q1q2〉 = 0 for q1 = (x1, p1)
and q2 = (x2, p2) since the amplitude squeezed states before interfering are separable squeezed vacuum
states, 〈xipi〉 = 0 for i = (1, 2) as amplitude and phase quadrature are independent for squeezing exactly
along x or p, and 〈∆q2i 〉 = 〈q2i 〉 − 〈qi〉2 = 〈q2i 〉 for q = (x, p) and i = (1, 2) as 〈qi〉 = 0 for squeezed
vacuum. Thus, since 〈∆p21〉 , 〈∆p21〉 > 〈∆x21〉 , 〈∆x21〉, we expect strong anti-correlation when both θA and
θB equals pin with n being an integer number, while strong correlation when both θA and θB equals
pi(n + 1/2). This is easier seen in the ideal case where the direct and delay line are identical so that
〈∆x21〉 = 〈∆x22〉 ≡ Vx and 〈∆p21〉 = 〈∆p22〉 ≡ Vp, in which case the above covariance can be simplified
using cos(α+ β) = cosα cosβ − sinα sinβ:
cov {qA(θA), qB(θB)} = 〈qA(θA)qB(θB)〉 = 1
2
(Vx − Vp) cos(θA + θB) . (4)
The quadrature covariance for the ideal case in (4) is shown in Figure 1b. Here, two-mode squeezing
and anti-squeezing can be measured in areas of strong correlations, and is constant along constant θA+θB .
As a result, for partial tomography of the generated two-mode squeezed state, we measure two sets of
quadratures (qA(θA), qB(θB)): Set 1 along constant correlation (maximum squeezing and anti-squeezing)
with θA = −θB = θ; set 2 perpendicular to constant squeezing (across maximum squeezing and anti-
squeezing) with θA = θB + pi/2 = θ. Both set are measured with θ in the range from 0 to pi/2, and
is marked in Figure 1b. By adding and subtracting qA and qB of these two measured sets, we observe
two-mode squeezing, anti-squeezing and all in between.
When adding/subtracting quadratures from Alice and Bob measured in set 1 (θB = −θA), from eq.
(2-3) the added and subtracted quadrature noise becomes
〈∆(qA(θ) + qB(−θ))2〉 = 2
(〈∆x21〉 cos2 θ + 〈∆x22〉 sin2 θ) , (5)
〈∆(qA(θ)− qB(−θ))2〉 = 2
(〈∆p22〉 cos2 θ + 〈∆p21〉 sin2 θ) , (6)
and thus we expect to measure two-mode squeezing and anti-squeezing for all θ, and constant squeezing
levels in the case of symmetric two-mode squeezing where 〈∆x21〉 = 〈∆x22〉 and 〈∆p21〉 = 〈∆p22〉.
Finally, when adding/subtracting quadratures from Alice and Bob measured in set 2 (θB = θA−pi/2)
we obtain
qA(θ)± qB(θ − pi/2) = xA cos θ + pA sin θ ± xB cos(θ − pi/2)± pB sin(θ − pi/2)
= xA cos θ + pA sin θ ± xB sin θ ∓ pB cos θ .
For θ = pi/4 we extract again two-mode squeezing and anti-squeezing:
〈∆qA(pi/4) + qB(pi/4− pi/2))2〉 = 1
2
〈∆(xA + pA + xB − pB)2〉 = 2
(〈∆x21〉+ 〈∆x22〉) ,
〈∆qA(pi/4)− qB(pi/4− pi/2))2〉 = 1
2
〈∆(xA + pA − xB + pB)2〉 = 2
(〈∆p21〉+ 〈∆p22〉) ,
using (1). Moving away from θ = pi/4 we measure less and less two-mode squeezing and anti-squeezing,
until θ = 0 or pi/2 where, using (1),
〈∆(qA(0)± qB(0− pi/2))2〉 = 〈∆(xA ∓ pB)2〉) = 1
2
(〈∆x21〉+ 〈∆p22〉+ 〈∆p21〉+ 〈∆x22〉) ,
〈∆(qA(pi/2)± qB(pi/2− pi/2))2〉 = 〈∆(pA ± xB)2〉) = 1
2
(〈∆p21〉+ 〈∆x22〉+ 〈∆x21〉+ 〈∆p22〉) ,
and we simply measure added uncorrelated noise at Alice and Bob corresponding to thermal states when
tracing out one mode of the two-mode squeezed state.
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Fiber stretcher
50:50
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Figure 2: (a) Schematics of the fiber coupled homodyne detection (HD) setup, where blue lines indicates
single mode fiber. (b) Illustration of the homemade fiber stretcher consisting of a top and bottom part
around a piezoelectric actuator. Pre-load can be applied by tightening the screw with O-rings attaching
the top part to the bottom part.
2 Experimental methods
The experimental setup is outlined in the main text. In Fig. 2a schematics of the fiber-coupled homodyne
detection (HD) is seen. Here, the local oscillator (LO) phase is controlled by a fiber stretcher illustrated
in Fig. 2b, and mixed with the signal in a ∼50:50 fiber coupler. The HD is balanced by inducing bend
loss in one fiber coupler output arm: The fiber is coiled up in between two plates, which are squeezed
towards each other with a micrometer screw. Finally, light is coupled from fiber onto the photo diodes
using anti-reflective coated graded-index (GRIN) lenses.
The fiber stretcher based on [1] is illustrated in Fig. 2b. With a piezoelectric actuator the fiber
stretcher top and bottom part are pushed away from each other, stretching a single mode fiber coiled
around it. The bandwidth is set by the mechanical resonance frequency of the top part and optimized to
2.5 kHz by applying pre-load. This can be improved by a lighter design of the top-part, but it is sufficient
for our purpose.
2.1 Temporal data processing
As two-mode squeezing is generated by temporal multiplexing a single squeezing source, we need to filter
temporal modes for analysis. Due to the switching and synchronization of temporal modes, two-mode
squeezing at the 50:50 fiber coupler output is only present half of the time in a switching period (whereas
vacuum is present the other half time, which is the cost of using a single squeezing source).
The HD signal from Alice and Bob is shown in Figure 3a (left) as function of time, where the two-
mode squeezing is seen with an offset due to the coherent seed beam transmitted through the setup
for phase locks. Here we can select time traces of 900 ns well within the temporal region of two-mode
squeezing with 1 µs length. Doing so, one measurement set consist of such 16 000 time traces, with the
temporal histogram shown in Fig. 3a (center). The quadratures measured in Figure 3 are xA and xB , and
thus by adding and subtracting the measured quadrature traces, we expect squeezing and anti-squeezing
according to eq. (5-6). However, as seen in Figure 3a (right) where the Fourier transform of xA ± xB
is shown, this is not the case. This is due to the slope seen on each time trace in Figure 3a (left) and
(center), which is caused by a decaying detector response when the coherent seed beam is turned on and
off in the detector.
To compensate for the non-zero slope on each time trace, we cannot simply high pass filter the HD
signals, as the slope includes frequency components in the MHz-regime, and we would filter out the
two-mode squeezing. Instead, we subtract the slope from each individual time trace. However, due to
spurious interference of the coherent seed beam and small phase fluctuations, the slope of each time trace
varies, and we cannot subtract the same slope from each time trace. Instead, assuming the decaying
detector response is linear on this time scale, a linear regression line is fitted to each time trace, as shown
on the last three pulses in Figure 3a (left), and subtracted.
The result of compensating for non-zero slope on each time trace is shown in Figure 3b, where the
HD signals in (left) are effectively high pass filtered without affecting the squeezing spectrum, and two-
mode squeezing below added shot noise is visible in (right). Yet, peaks are seen in the spectrum due to
oscillations visible in the temporal histogram in Figure 3b (center). These are caused by the switching
process and maybe oscillating detection response. However, since they are repeating with the switching
4
(a) Raw data
(b) Slope compensated
(c) Repeating noise compensated
Figure 3: Example of the temporal post processing procedure of measured data, here of xA and xB . (a)
Raw data with HD signals from Alice and Bob shown in (left), temporal histogram of 16 000 time traces
of 900 ns length as indicated in (left) shown in (center), and spectrum of added and subtracted signals in
(right). (b) Data in (a) compensated for non-zero slope by subtracting linear regression lines as shown in
(a,left). (c) Data in (b) compensated for repeating noise by subtracting the average of the 16 000 slope
compensated time traces shown as solid lines in (b,center). Here, the solid lines in (center) is a single
time trace from Alice and Bob indicating quadrature correlations, while the final two-mode squeezing
spectrum after processing is shown in (right).
process, they can be compensated for by subtracting an average of the 16 000 time traces, indicated by
the solid lines in Figure 3b (center).
Finally, the result of compensating for the repeating noise is shown in Figure 3c, where in (center)
the temporal histogram is seen to be nicely constant, and a two-mode squeezing spectrum in (right)
resembling the OPO spectrum without additional noise peaks. Here the degrading of squeezing in the
first frequency component shown is due to the coherent seed beam not being shot noise limited, and
limiting bandwidth of ∼ 1 MHz due to the 900 ns short time traces. The solid line shown in Figure 3c
(center) is a single time trace at Alice and Bob showing quadrature correlations. To observe stronger
correlations, only frequency components within the OPO bandwidth should be observed, which is the
case in the main text Figure 3.
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(a) (b)
Figure 4: Illustration of quadrature noise when measuring single mode squeezing in the direct or delay
line, including vacuum squeezing, squeezing of seed beam noise, added noise after the OPO and electronic
noise. (a) Illustrates how the different noise sources behave in the squeezed quadrature when increasing
the pump power, and in (b) the anti-squeezed quadrature is illustrated. The sources or noise shown here
are not to scale.
3 Sources of noise and theoretical prediction
To theoretically predict the measured two-mode squeezing, we include several sources of noise. Besides the
squeezed vacuum noise itself, the seed beam transmitted through the optical parametric oscillator (OPO)
contains noise, while additional noise is added after the OPO. Besides this, due to phase fluctuations,
when measuring one quadrature, noise of the other quadrature is observed as well. Finally, electronic
noise is also considered. When adding and subtracting the measured x- or p-quadrature of the two-mode
squeezed state at Alice and Bob, the single mode squeezed states in the direct or delay line is extracted
according to (5-6) for θ = 0 and pi/2. So, for simplicity, in the following discussion we consider the case of
measuring single mode squeezing in the direct and delay line. The different sources of quadrature noise
are summarized in Figure 4 as a function of the pump power.
Electronic noise is present in both measured quadratures and shot noise. It is independent on pump
power, and we deal with it by subtracting the electronic noise variance from both measured quadrature
variance and shot noise variance. However, the electronic noise is less than −20 dB relative to shot noise,
and can in principle be neglected.
Noise unrelated to the squeezing process is characterized by measuring the seed spectrum by blocking
the pump to the OPO, and the result is seen in the main text Figure 4 (grey points). From the direct
line, low frequency noise resulting from technical noise of the seed beam is observed. Even more low
frequency noise is apparent in the squeezed state of the delay line, and we believe it originates from phase
noise generated by the 200 m fiber, and amplitude noise from the fiber switch which is most prominent
at 5-6 MHz.
The measured seed beam noise undergoes squeezing in the OPO, and thus depends on the pump
power. The squeezed and anti-squeezed quadrature noise spectrum from the OPO including the noisy
seed beam is derived below in section 3.1 to be
〈∆q2〉 = 1
2
∓ 2εγη
(γ ± ε)2 + ω2 +
Kq
(γ ± ε)2 + ω2 , q = x, p, (7)
where ε is the pump rate, γ is the total OPO decay rate, η is the overall efficiency and ω is the angular
frequency. The first two terms corresponds to vacuum squeezing when subtracted and anti-squeezing
when added (with 1/2 being the vacuum variance), while the third term corresponds to squeezing/anti-
squeezing of the seed beam noise 〈∆q2s〉 with Kq = 4ηγγs(〈∆q2s〉 − 1/2), where γs is the coupling rate of
the mirror through which the seed beam is leaked into the OPO. From the measured seed beam spectrum
when blocking the pump (ε = 0), Kq can be estimated as
Kq = (γ
2 + ω2)(〈∆q20〉 − 1/2) ,
where 〈∆q20〉 then corresponds to grey points in the direct line of the main text Figure 4. Notice how the
squeezed vacuum in (7) (the first two terms) goes towards 0 for ε→ γ and η = 1 at ω = 0, while the seed
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beam noise goes towards (〈∆q20〉 − 1/2)/4, and thus the seed beam noise can only be eliminated when
〈∆q20〉 = 1/2 is shot noise limited. The OPO decay rate is estimated to γ = 2pi8.1 MHz by measuring
the OPO intracavity losses (0.55%), the cavity length (320 mm) and the transmittivity of the coupling
mirror (10%), while we estimate the pump rate to ε = 2pi5.2 MHz for a pump power of 350 mW and an
estimated OPO threshold power of 833 mW. The overall efficiency is η = 68% as discussed in section 2.
To predict the squeezing, the direct line eq. (7) is sufficient, since negligible noise is added after the
OPO. However, as apparent in the main text Figure 4 and discussed above, both amplitude and phase
noise is added in the delay line, and is independent on the pump power. To encounter this, the difference
in measured noise spectrum in the direct and delay line when blocking the pump (grey points in main
text Figure 4) is added to eq. (7) for the squeezing spectrum in the delay line.
Finally, phase fluctuations are included by applying a normal distribution P (σ, θ) of width σ to the
measured quadrature as
〈∆x2σ(θ)〉 =
∫
P (σ, θ)
(〈∆x2〉 cos2 θ + 〈∆p2〉 sin2 θ) dθ
≈ 〈∆x2〉 cos2(θ + σ) + 〈∆p2〉 sin2(θ + σ) ,
and similar for 〈∆p2〉 with cos(θ+ σ) and sin(θ+ σ) interchanged, and with the the approximation valid
for small σ [2]. Since we expect different phase fluctuations in the direct line and the 200 m long delay
line, different normal distributions of width σ1 and σ2 are used respectively. By using σ1 and σ2 as fitting
parameters, the theoretical predicted squeezing in eq. (7), with additional added noise in the delay line,
is fitted to the experimental data, and shown as hollow points in the main text Figure 4. From the fitting
we get σ1 = 1.9 ± 1.2◦ and σ2 = 4.1 ± 0.6◦ (uncertainty estimated as 95% confidence interval), and the
theoretical prediction is seen to agree excellent with measured data.
3.1 Squeezing spectrum with seed beam noise
In order to derive the squeezing spectrum of the OPO in eq. (7) with a seed beam leaked into the cavity,
we follow the approach in [3] where the spectrum is derived from the quantum Langevin equations of a
cavity. However, in [3] the leakage of a seed beam into the cavity is not considered, and so the model is
here extended for this purpose – a schematic of the model is sketched in Fig. 5.
Treating the pump power classically with the effective pump intensity ε, and frequency of double the
cavity resonant mode frequency ω0, the system Hamiltonian of the OPO cavity mode is
Hsys = ~ω0a†a+
1
2
(
εe−i2ω0ta†2 − ε∗ei2ω0ta2) ,
where a is the annihilation operator of the cavity mode. Here the second term is the Hamiltonian of the
parametric down conversion process of the pump in a second order non-linear crystal, and the pump is
assumed non-depleted (i.e. far below the OPO threshold). Using [a,Hsys] = ~ω0a + i~εe−i2ω0ta†, the
Langevin equations becomes
da
dt
= − i
~
[a,Hsys]− γa+ Γ
= −iω0a+ εe−i2ω0ta† − γa+ Γ ,
(8)
where γ is the cavity damping rate, and Γ is the noise operator. Cavity damping is caused by out
coupling of the cavity mode, internal cavity loss, and leakage through the high reflective mirror through
Figure 5: Schematic model of the OPO as squeezing source. Here, γc is the decay rate due to the
cavity coupling mirror of 10% transmission, while γs is the decay rate due to the high reflective mirror
through which the seed is leaked into the cavity. The internal cavity loss is modelled by a beams splitter
transformation leading to the decay rate γl. a is the annihilation operator of the cavity mode, ai for
i = in, out, s, l are annihilation operators of modes mixing with the cavity mode, and ε is the effective
pump intensity which is treated classically. Dotted line corresponds to modes with vacuum.
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which the seed is coupled, each leading to corresponding decay rates γc, γl and γs respectively so that
γ = γc + γl + γs. Where light is coupled out, vacuum in the mode ain is coupled in. Similar, the cavity
internal loss can be modelled by a beam splitter transformation coupling vacuum in mode al into the
cavity mode. Finally, with the seed beam in mode as leaked through a high reflector, the noise operator
is Γ =
√
2γcain +
√
2γlal +
√
2γsas. With the mirror between as and a being high reflective, we have
γs  γc, γl and so γ ≈ γc + γl. However, we cannot choose γs = 0 so that Γ =
√
2γcain +
√
2γlal, as then
no seed beam leaks into the cavity mode and the model simplifies to that in [3].
Moving to a rotating frame with frequency ω0,
a→ ae−iω0t , da
dt
→ d
dt
{
ae−iω0t
}
=
da
dt
e−iω0t − iω0ae−iω0t ,
eq. (8) simplifies to
da
dt
= (A− γ1)a+ Γ , (9)
where
a =
(
a
a†
)
, A =
(
0 ε
ε∗ 0
)
, Γ =
(
Γ
Γ†
)
.
Eq. (9) is easiest solved in frequency domain, and by the Fourier transform,
a(t) =
1√
2pi
∫ ∞
−∞
a˜(ω)e−iωtdω ,
a†(t) =
1√
2pi
∫ ∞
−∞
a˜†(ω)eiωtdω =
1√
2pi
∫ ∞
−∞
a˜†(−ω)e−iωtdω ,
eq. (9) becomes
− iωa˜ = (A− γ1) a˜+ Γ˜ , (10)
a˜ =
(
a˜(ω)
a˜†(−ω)
)
, Γ˜ =
(
Γ˜(ω)
Γ˜†(−ω)
)
.
Solving for a˜ in (10),
a˜ = − (A + (iω − γ)1)−1 Γ˜ ,
leads to the solution
a˜(ω) =
(iω − γ)Γ˜(ω)− εΓ˜†(−ω)
|ε|2 − (iω − γ)2 ,
a˜†(−ω) = (iω − γ)Γ˜
†(−ω)− εΓ˜(ω)
|ε|2 − (iω − γ)2 ,
(11)
of the annihilation and creation operator of the cavity frequency modes.
With the solution of the Langevin equations in (11), and writing the effective pump intensity as
ε = |ε|eiφ, the cavity mode quadrature in frequency domain, q˜a(θ), becomes
q˜a(θ) =
1√
2
(
e−iθa˜(ω) + eiθa˜†(−ω))
=
1√
2
e−iθ
[
(iω − γ)Γ˜(ω)− |ε|eiφΓ˜†(−ω)
]
+ eiθ
[
(iω − γ)Γ˜†(−ω)− |ε|e−iφΓ˜(ω)
]
|ε|2 − (iω − γ)2
=
(iω − γ) 1√
2
[
e−iθΓ˜(ω) + eiθΓ˜(−ω)
]
− |ε| 1√
2
[
e−i(φ−θ)Γ˜(ω) + ei(φ−θ)Γ˜†(−ω)
]
|ε|2 − (iω − γ)2
=
(iω − γ)q˜Γ(θ)− |ε|q˜Γ(φ− θ)
|ε|2 − (iω − γ)2 .
Here,
q˜Γ(θ) =
1√
2
(
e−iθΓ˜(ω) + eiθΓ˜†(−ω)
)
=
1√
2
(
e−iθ
[√
2γca˜in(ω) +
√
2γla˜l(ω) +
√
2γsa˜s(ω)
]
+eiθ
[√
2γca˜
†
in(−ω) +
√
2γla˜
†
l (−ω) +
√
2γsa˜
†
s(−ω)
])
=
√
2γcq˜in(θ) +
√
2γlq˜l(θ) +
√
2γsq˜s(θ)
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xp
Squeezing
φ
2
Figure 6: Illustration of the phase space transformation under squeezing with arbitrary φ (grey). Red
illustrates how noise initially in the x-quadrature is mixed into the p-quadrature when squeezing, and
similar (by blue) how noise in the p-quadrature is mixed into the x-quadrature.
is a weighted sum of quadratures in the modes of the noise operator Γ. Writing the noise operator
quadrature in terms of amplitude and phase quadrature, q˜Γ(θ) = x˜Γ cos θ + p˜Γ sin θ, the amplitude and
phase quadrature of the cavity mode becomes
x˜a = q˜a(0) =
(iω − γ)q˜Γ(0)− |ε|q˜Γ(φ)
|ε|2 − (iω − γ)2 =
(iω − γ − |ε| cosφ)x˜Γ − |ε| sinφp˜Γ
|ε|2 − (iω − γ)2 (12)
p˜a = q˜a(pi/2) =
(iω − γ)q˜Γ(pi/2)− |ε|q˜Γ(φ− pi/2)
|ε|2 − (iω − γ)2 =
(iω − γ + |ε| cosφ)p˜Γ − |ε| sinφx˜Γ
|ε|2 − (iω − γ)2 , (13)
where it is used that q˜Γ(φ− pi/2) = x˜Γ sinφ− p˜Γ cosφ. In conclusion, when φ = 0 or pi the cavity mode
amplitude quadrature does not depend on the external noise phase quadrature, and similarly, the cavity
phase quadrature does not depend on the external noise amplitude quadrature. This is expected, as for
φ = 0 and pi we have squeezing exactly along the p- and x-quadrature respectively. However, when that
is not the case (φ 6= 0, pi), the quadratures mix as the phase space is stretched in some direction not along
x or p. This is illustrated in Figure 6.
In the experimental setup, we have squeezing in the p-quadrature, φ = pi, and (12) and (13) simplify
to
x˜a =
iω − γ + |ε|
|ε|2 − (iω − γ)2 x˜Γ =
x˜Γ
γ + ε− iω ,
p˜a =
iω − γ − |ε|
|ε|2 − (iω − γ)2 p˜Γ =
x˜Γ
γ − ε− iω .
The output field mode, aout, is related to the cavity mode by aout =
√
2γca− ain [3], and the quadrature
of the electric field coupled out of the cavity through the coupling mirror becomes
x˜out =
√
2γc
x˜Γ
γ + ε− iω − x˜in =
γc − γl − γs − ε+ iω
γ + ε− iω x˜in +
2
√
γcγl
γ + ε− iω x˜l +
2
√
γcγs
γ + ε− iω x˜s ,
p˜out =
√
2γc
p˜Γ
γ + ε− iω − p˜in =
γc − γl − γs + ε+ iω
γ − ε− iω p˜in +
2
√
γcγl
γ − ε− iω p˜l +
2
√
γcγs
γ − ε− iω p˜s .
Finally, when the cavity output field is detected by homodyne detection, where xout and pout are measured
in the rotating frame, it is the photo current we measure. Here, the photo current is a direct measure of
xout and pout, and the photo current power spectrum is proportional to the spectral density Sq(ω) of the
quadrature q(θ) defined by Sq(ω)δ(ω+ω
′) = 〈q˜(ω)q˜(ω′)〉 [4]. Using that 〈qiqj〉 = 〈qi〉 〈qj〉 for independent
modes i and j, and that the only input mode to the cavity which is not simply vacuum is the seed, i.e.
〈qin〉 = 〈ql〉 = 0 and 〈∆q2in〉 = 〈∆q2l 〉 = 1/2 for q = x, p, the spectral density of xout and pout becomes,
after some cumbersome simplification,
Sx(ω) = 〈x˜out(ω)x˜out(−ω)〉 = 1
2
− 2γcε
(γ + ε)2 + ω2
+
4γcγs
(γ + ε)2 + ω2
(
〈∆x2s〉 −
1
2
)
, (14)
Sp(ω) = 〈p˜out(ω)p˜out(−ω)〉 = 1
2
+
2γcε
(γ − ε)2 + ω2 +
4γcγs
(γ − ε)2 + ω2
(
〈∆p2s〉 −
1
2
)
. (15)
In conclusion, for the seed beam simply being vacuum or a pure coherent state, i.e. 〈∆x2s〉 = 〈∆p2s〉 = 1/2,
(14) and (15) reduces to the well known squeezing spectra, where the first term is the vacuum noise, to
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which the second term add or subtract to form an anti-squeezed or squeezed spectrum respectively.
However, for seed beam noise larger than the vacuum noise, the third term in (14) and (15) becomes
positive and adds to the squeezing spectra. To encounter any loss in experimental setup, the decay rate
γc in the numerators of the two last terms in (14) and (15) can be replaced by ηγ, where η is the total
efficiency of the experimental setup, ranging from the OPO escape efficiency, γc/γ, to the homodyne
detection efficiency.
In the experimental setup, even with the mirror through which the seed beam is coupled into the
cavity being a high reflector (γs being small), the seed beam noise is large enough for the third term in
(14) and (15) to be visible. To take this into account when predicting the squeezing spectra to the, we
need to estimate γs and 〈∆q2s〉 for q = x, p. To do this the spectral density of x and p are measured
without pump power in the cavity (ε = 0), S0q (ω), leading to
S0q (ω) =
1
2
+ 4
4ηγγs
γ2 + ω2
(
〈∆q2s〉 −
1
2
)
=
1
2
+
Kq
γ2 + ω
, q = x, p
m
Kq = 4ηγγs
(
〈∆q2s〉 −
1
2
)
= (γ2 + ω2)
(
S0q (ω)−
1
2
)
, (16)
where the total efficiency, η, of the setup is included. Here, since γs  γc, γl,
γ = γc + γl + γs ≈ γc + γl = 1−
√
1− Tc
τ
+
1−√1− L
τ
= 2pi8.1 MHz
with Tc = 10% coupling mirror transmission, L = 0.55% intracavity losses and τ = 320 mm/(3× 108 m/s)
OPO round trip time. Thus by measuring S0q (ω) and γ we get Kq from (16), we predict the squeezed
and anti-squeezed spectra as
Sq(ω) =
1
2
∓ 2εγη
(γ ± ε)2 + ω2 +
Kq
(γ ± ε)2 + ω2 , q = x, p .
4 Bound on covariances
From measurements we got the covariance matrix for the operators ξ = (xA, pA, xB , pB)
T to be
γ = V0

4.36 a −3.84 0.36
a 4.43 0.45 3.92
−3.84 0.45 4.17 b
0.36 3.92 b 4.26
 , (17)
where V0 = 1/2 is the vacuum variance.
In the experiment, we aim at setting the phase angles such that a = b = 0, but since a and b are
not directly measured they could in principle deviate from zero. In the following we first estimate the
allowed range of values for a and b using the uncertainty relation and given the actual measured entries
of the covariance matrix. Second, we investigate how a phase off-set of the individually squeezed beams
will lead to non-zero values of a and b.
To determine the bounds of a and b for γ to be physical, we use the covariance matrix uncertainty
relation [5]
γ +
i
2
Ω ≥ 0 , (18)
where the elements of Ω are given by the commutator relations [ξi, ξj ] = iΩij , hence
Ω =

0 1 0 0
−1 0 0 0
0 0 0 1
0 0 −1 0
 . (19)
From (18), all eigenvalues of γ + i2Ω must be non-negative. In Figure 7 the 4 eigenvalues of γ +
i
2Ω
for a and b in the range of −2 to 2 is shown. In this interval only the first eigenvalue is seen to limit a and
b in (18). The bounds of a and b are seen not to be independent, but they both share an absolute lower
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bound of zero (corresponding to the ideal case of x and p being completely uncorrelated). The lower and
upper bound of a (depending on b) and b (depending on a) is
a ∈ [−1.24, 1.17] (20)
b ∈ [−1.10, 1.21] . (21)
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Figure 7: Numerical calculations of the eigenvalues of γ + i2Ω for the covariance matrix shown in (17).
It is thus clear that by using a bona fide criterion for the covariance matrix, the range of possible
xp-covarainces is quite large. In the following, we instead estimate the potential values for a and b by
propagating a phase off-set of the input squeezed state through the system. We consider the setup in
Figure 8. Two squeezed states undergo a phase rotation, σ, and loss, 1− η, and interfere on a balanced
beam splitter 90◦ out of phase to produce a two-mode squeezed state. If the phase off-set is zero, the
xp-covariances will be exactly zero. However, for a phase rotation, the quadratures are transformed as
x1 =
(√
η1e
−r1x01 −
√
1− η1xL1
)
cosσ1 −
(√
η1e
r1p01 +
√
1− η1pL1
)
sinσ1
p1 =
(√
η1e
−r1x01 −
√
1− η1xL1
)
sinσ1 +
(√
η1e
r1p01 +
√
1− η1pL1
)
cosσ1
x2 =
(√
η2e
r2x02 −
√
1− η2xL2
)
cosσ2 −
(√
η2e
−r2p02 +
√
1− η2pL2
)
sinσ2
p2 =
(√
η2e
r2x02 −
√
1− η2xL2
)
sinσ2 +
(√
η2e
−r2p02 +
√
1− η2pL2
)
cosσ2
and with xA =
1√
2
(x1 + x2), xB =
1√
2
(x1 − x2), pA = 1√2 (p1 + p2), pB = 1√2 (p1 − p2), we find the
correlation
CxApB =
1
2
(〈x1p1〉 − 〈x2p2〉) = 1
2
η1(e
−2r1 − e2r1)V0 cosσ1 sinσ1 + 1
2
η2(e
−2r2 − e2r2)V0 cosσ2 sinσ2
It is thus clear that a phase off-set of the individually squeezed modes results in non-zero xp-covariances.
Interestingly, the covariances are identical to the intra-mode covariances:
CxApA = CxBpB = CxApB = CxBpA
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Figure 8: Two modes of vacuum, x01, p
0
1 and x
0
2, p
0
2, are squeezed by S(r1) and S(r2) before they are
subjected to loss (1− η1 and 1− η2) and some phase change (σ1 and σ2). Finally they are interfered on
a beam splitter to form two-mode squeezing. Here, mode 1 and 2 corresponds to the direct and delay
path in the experimental setup. Notice, in the experimental setup the two modes 1 and 2 share the same
temporal multiplexed squeezing source, such that the squeezing parameters r1 = r2.
which means that the expected off-set values of a and b should be similar to the measured values for
CxApA and CxBpB under the above mentioned assumptions. We have now seen how a phase off-set will
give rise to non-zero covariances. It is however important to note that symmetric phase diffusion noise
centered around the perfectly aligned phase will not produce non-zero values of the covariances.
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